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     Upstream processes used for oil and gas production generate brackish water as a byproduct 
called produced water. Desalination and reuse of produced water can potentially be a new 
resource for freshwater which may alleviate local and global water scarcity. Currently, reverse 
osmosis (RO) is the state-of-the-art technology for desalination of brackish water; however, RO 
treatment of relatively high salinity produced water is prohibitive or not feasible because in 
addition to treating toxic organic solutes they provide high rejection of background electrolytes. 
Consequently there is a need to develop nanofiltration (NF) membrane filtration processes 
effective in removing dissolved organic matter while allowing passage of inorganic salts. In this 
project, seven distinct novel first generation (G1) NF polyamide membranes have been 
developed and studied to understand their rejecting capability against selected organic surrogate, 
Rhodamine-WT (R-WT), and inorganic salts, NaCl and MgSO4. All seven membranes resulted 
in a similar and high rejection of R-WT at around 96% or above, and a spectrum of varying 
rejections for NaCl ranging from 10% to 90%, and similar rejection for MgSO4. Rutherford 
back-scattering spectroscopy (RBS) analyses of G1 membranes revealed that their active layers 
had thickness in the range of 17-44 nm, all thinner compared to the range of 50-200 nm for 
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The global freshwater demand increased by a factor of six throughout the 20th 
century, which is an upsurge of more than twice compared to the increase in the global 
population during the same period (Shiklomanov, 1997). An increase in water use by 
emerging economies and the reduction of freshwater resources due to climate change and 
pollution have further exacerbated global water scarcity (Fry, Mihelcic, & Watkins, 2008). 
Solutions such as constructing dams and conserving water are insufficient to keep pace 
with the rapidly growing water demand. Therefore, desalination of seawater/brackish 
water, the most abundant resource for water on the Earth, and reuse of various types of 
wastewaters are alternative solutions that need to be significantly expanded to alleviate the 
global water scarcity problem.  
 
     The oil and gas industry is considered one of the eight most water-intensive 
industries due to the high quantity of water required or produced in oil extraction and 
refining, and the consequent toxic wastewater that is generated. Extraction methods for 
resources both conventional, organic matter buried under layers of sediment, and 
unconventional, shale gas, and tight sands, inevitably result in a large volume of 
wastewater, estimated as 39.5 mega m3 per day. (Jiménez, Micó, Arnaldos, Medina, & 
Contreras, 2018). Thus, adequate treatment and reuse of the wastewater from the oil and 
gas industry, especially produced water, may play an integral role in meeting the rapidly 




    Conventional approaches for the treatment of raw produced water separate into 
two streams, a water-rich and gas, using two-phase separation processes, such as hydro-
cyclones and API separators. The water stream is then submitted to a secondary separation 
treatment process such as dissolved air flotation (Jiménez et al., 2018). However, typical 
effluents generated from such conventional treatment trains contain organic contaminants 
with relatively low molecular weight and thus they do not meet the standards for useful 
recycle (Dores, Hussain, Katebah, & Adham, 2012). 
 
Among other technologies that have been tested as viable alternative treatments, 
membrane filtration is a promising approach. The advantages of applying membrane 
separation for produced water are the high quality of the permeate, small footprint, low 
volume of generated sludge, low requirement for chemical pretreatment, and ease of 
operation (Ashaghi, Ebrahimi, & Czermak, 2008). The state-of-the-art technology for 
desalination is reverse osmosis (RO), which is classified as a membrane with the highest 
selectivity with its nonporous structure. RO requires pretreatment processes in order to 
avoid frequent fouling, which significantly lowers RO’s productivity. Conventional 
pretreatment for RO involves microfiltration, hydro-cyclone, and flotation, which 
effectively remove large colloidal organic matter. However, the majority of the small 
colloidal and dissolved organic matter remains in the effluent and could subsequently 




Figure 1.1 Classification and selectivity of membranes (Brought from Crittenden, 
Trussell, Hand, Howe, & Tchobanoglous, 2012) 
 
Fouling of RO can be further reduced by incorporating a new membrane 
pretreatment process, ultrafiltration (UF), immediately before the RO system via selective 
removal of remaining organic matter. UF is capable of removing small colloids (see figure 
1.1), however an installation of two separate membrane systems is not desirable due to 
operational complexity and larger footprint. Nanofiltration (NF) is similar to RO but it 
operates at lower hydraulic pressure and provides low rejection of monovalent ions.  
However, NF has high rejection of divalent ions, which occur at high concentrations in 
some produced waters, making operating hydraulic pressure requirement unrealistically 
high for this low pressure membrane process. Therefore, there is a need for developing 
novel membrane materials with productivity at the borderline between UF and NF that 
would effectively remove small colloids and dissolved organic matters while allowing the 
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passage of inorganic salts with both monovalent divalent ions, possessing chemical 
robustness against chlorination, and presenting resistance to fouling.  An important 
phenomenon reported in the literature is that the chlorination and bromination of a 
commercial NF membrane, typically done to control biofouling, leads to increased water 
permeability and loss of salt rejection due to halogenation of aromatic ring (Kwon, Tang, 
& Leckie, 2006; Kwon, Joksimovic, Kim, & Leckie, 2011). 
 
The modification of commercial NF polyamide membranes with covalently bonded 
dendrimers has been investigated. Permeation results showed that the modified membrane 
rejects the organic contaminant surrogate Rhodamine-WT (R-WT) at levels at least one 
order of magnitude higher than the unmodified NF membrane does, while the water 
permeability decreases only by 30% (Saenz De Jubera et al., 2013). With such a result, the 
researcher’s group synthesized a dendrimer-based novel NF membrane, named pG1-NH2, 
by reacting dendrimer building blocks and trimesoyl chloride (TMC) (Jubera et al., 2014).  
 
The use of dendrimers in the synthesis of NF membranes brings the capability of 
using molecules of specific size and chemistry. Seven modified G1 dendrimer building 
blocks have been synthesized by incorporating halogens, methylation, conformational 
change, and an increased number of functional groups, as shown in figure 1.2. Each 
modified G1 monomer is used to synthesize a novel polyamide membrane. This study is an 
investigation of how variations in building blocks impact on the selectivity of solutes and 














Figure 1.2 Chemical structures of seven first-generation (G1) dendrimer 
 building blocks 
OBJECTIVES 
The objective of this research was to develop G1 dendrimer-based membranes and 
investigate their ability to treat produced water in the oil and gas industry. The desired 
membrane performance was high selectivity and rejection of trace organic contaminants,  
and low selectivity and low rejection of inorganic salts so that the membranes could be 
operated at low hydraulic pressure.  
 
In order to achieve the overall goal of this research, three major tasks were 
conducted: (1) development of a reliable synthesis protocol to form reproducible active 
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layers for all seven types of G1 dendrimer-based novel membranes; (2) precise 
characterization of the performance of each G1 membranes with feed solutions of organic 
and inorganic species in order to find out ideal G1 membrane and operating condition that 
suits to the treatment of produced water; (3) characterization of physicochemical properties 
of G1 active layers and their correlation to the performance of G1 membranes.    
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CHAPTER 2: MATERIALS AND METHODS 
 
MEMBRANE SYNTHESIS 
MATERIALS FOR MEMBRANE SYNTHESIS  
Polyethersulfone (PES) UF membrane, model HFK-328 (Koch Membrane 
Systems, Wilmington, MA), was selected as a support membrane upon where the G1 
active layer is synthesized. The G1 active layer was formed by an interfacial 
polycondensation (IP) reaction between a solution of TMC (1,3,5-benzenetricarbonyl 
trichloride, 98%, Sigma-Aldrich) in hexane (>97%, Sigma-Aldrich), and an aqueous 
solution of dendrimers. Due to the limited solubility of the dendrimers in water, N-methyl-
2-pyrrolidone (NMP) (>99.8%) was utilized as a co-solvent to dissolve dendrimer.  
 
G1 dendrimer building blocks were synthesized and prepared by Anna Yang 
previously from the UIUC Department of Chemistry research group of Professor Jeffrey 
Moore by reacting monomers, such as p-phenylene-diamine or 2,6-diiodobenzene-1,4-






Figure 2.1 Schematic for the synthesis of G1 polyaramide active layer on PES support 
via interfacial polycondensation reaction between an hexane solution of TMC and 
aqueous solution of G1 dendrimer  
 
SYNTHESIS PROTOCOL 
The fabrication protocol for G1 membranes has been developed and modified from 
the protocol established in a previous study (Saenz de Jubera et al., 2014).  
PES UF membrane coupons with a surface area of 40 cm2 were rinsed thoroughly 
with nanopure water to get rid of preservative chemical prior to installing them in a 
Millipore Model 8050 solvent-resistant stirred cell (Millipore Do., Bedford, MA). A 0.15% 
wt TMC solution in hexane was added to the cell and allowed to contact the PES coupon 
for 120 seconds. Immediately after draining extra TMC solution from the cell, 6 ml of 





































Trimesoyl chloride (TMC) 
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polycondensation reaction between the dendrimer and TMC. The G1 active layer was 
allowed to form for 240 seconds before any extra aqueous dendrimer was drained. Next, 
the resulting membrane was heat cured at 90oC for 120 seconds, followed by cooling and 
rinsing with room temperature nanopore water for another 120 seconds. Samples were 
stored in petri dishes fully immersed in nanopore water until they were used for 
permeation performance testing or physicochemical characterization.   
 
PERMEATION EXPERIMENTS 
TARGET CONTAMINANTS AND SALTS  
Rhodamine-WT (R-WT) (35%-w/v aqueous solutions, Turner Designs, Sunnyvale, 
CA) with a molecular weight of 487 g/mol was selected as a surrogate for organic 
contaminants. Sodium chloride (NaCl) (99.5%, Sigma-Aldrich) and magnesium sulfate 
(MgSO4) (>99.5%, Sigma-Aldrich) are selected inorganic salts representative of inorganic 
components present in produced water from oil and gas industry. 
 
PERMEATION TESTING 
Permeation experiments were conducted with single-solute aqueous solutions (2.5 
mg/L of R-WT, 400 mg/L of NaCl, or 824 mg/L of MgSO4) tested at six different 
hydraulic pressures within the range from 0.02 to 0.46 MPa. Nitrogen inert gas (ultra-high 
purity 5.0-grade nitrogen, Airgas) was used to pressurize the feed solution into a dead-end 
amicon stirred cell fully immersed with retentate solution under a continuously mixed 
condition, where the cut coupons of G1 membranes have been previously installed at the 




Figure 2.2 Schematic for the permeation testing experimental set-up 
 
The permeate flow rates were monitored gravimetrically with a digital analytical 
balance connected to a computer (see figure 2.2). The permeation experiments were 
conducted at room temperature (20-22oC). The pH of retentate solutions was adjusted to 
6.75±0.25 using HCl and NaOH. In order to avoid the dilution of retentate, the volume of 
permeate is set as a constant. The volume of permeate is determined at the time when the 











R-WT was measured by fluorescence using a spectrofluorometer (RF-5301PC, 
Shimadzu Scientific Instruments, Inc.). Excitation wavelength and emission wavelength 
were set as 550 nm and 580 nm respectively for proper measurement. R-WT samples 
underwent dilutions of either 1:1000 or 1:500 for retentates and 1:10 for permeate samples 
in order to be within the calibration range of the spectrofluorometer. Triplicates of each 
sample were measured.  
 
ION CHROMATOGRAPHY 
NaCl and MgSO4 samples were analyzed with a Thermo Scientific Dionex Model 
ICS-2100 Ion Chromatograph (IC). IC analyzed anions (i.e., Cl- and SO42-) of each NaCl 
and MgSO4; the rejection of cations is expected to be analogous to that of anions in a 
single-solute feed condition (Ramadan, Pátzay, & Szabó, 2010).  Both retentate and 
permeate samples were filtered through 0.45 um microfilters to ensure removal of 
particulate matter. The samples were then placed in 1.5 mL vials for analysis. 
 
RUTHERFORD BACKSCATTERING SPECTROSCOPY (RBS) 
Rutherford Backscattering Spectroscopy (RBS) is an analytical technique that gives 
physicochemical properties (thickness and roughness) and elemental composition of 
membrane active layers. A 2 MeV helium beam with 3 mm aperture was generated and 
accelerated to the exposed active layer of G1 membranes with a 3SDH Pelletron (National 
Electrostatics Corp). The accelerated Helium beam collided with the nuclei of atoms 
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present in the sample, and were subsequently backscattered at different energy based on 
the mass and depth of the incided atoms. A detector measured the energy of the 
backscattered ions, producing a spectrum of measurement counts vs. energy.  
 
    Synthesized G1 membranes underwent approximately one hour of water 
permeation at 0.45 MPa in order to leach any unreacted dendrimer on the surface of the 
active layer. Then the membrane coupons were air-dried for at least 16 hours before they 
were analyzed by RBS. Samples were attached to the RBS sample stage using double-
sided thermal conductive tape.   Helium beam incident, exit, and scattering angles used 
were 22.5o, 52.5o, and 150o, respectively. The analysis of the sample was conducted until 
1000 counts corresponding to the predominant active layer element carbon at the 150th 
channel were collected.  The software SIMRA was used to fit produced spectra using 













CHAPTER 3: RESULTS AND DISCUSSION 
 
FABRICATION OF G1 MEMBRANES 
The use of dendrimers in fabricating a thin-film polyamide membrane is attractive 
because of its advantages of using specific size and chemistry of molecules. A previous 
study has established and introduced a synthesis protocol for the dendrimer-based NF 
membrane using pG1-NH2 as a monomer (Saenz de Jubera et al., 2014). In this current 
study, six additional G1 monomers have been synthesized by incorporating halogenation 
(Br2, Cl2, and I2), conformational change (para- and meta-), methylation (Me4), and 
addition of extra amine group (see figure 1.2 for the chemical structures of each monomer). 
The seven G1 monomers (pG1-NH2, pG1-Br2, pG1-Cl2, pG1-I2, mG1-NH2, pG1-Me4, and 
m3G1) have been utilized to synthesize seven distinct dendrimer-based NF membranes in 
order to investigate how each molecular modification in the monomer contributes to the 
membrane performance and physicochemical properties. The synthesis protocol and 
monomer concentrations have been optimized based on the reproducibility of the 
fabricated membranes and solubility of each monomer in aqueous condition.  
 
The interfacial polycondensation reaction takes place at the interface of two 
immiscible layers, one containing TMC and the other comprising G1 dendrimer. The 
immiscibility is achieved by using organic and inorganic solvent to solubilize each 
reactant: TMC in Hexane and dendrimer in water. Due to dendrimer’s low solubility in 
water, co-solvents at 12 % v/v solvent/water have been used to enhance the solubilization 
of dendrimer; it is the highest concentration of organic that does not cause damage on PES 
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support layer (Saenz de Jubera et al., 2014). Anna Yang, currently a post-doctoral fellow at 
Northwestern University, has tested the solubility of pG1-NH2 at the concentration of 0.1 
M in water with the five organic co-solvents (isopropanol, acetonitrile, NMP, dimethyl 
sulfoxide, and dimethylformamide), concluding that NMP aids the dissolution of 
dendrimer in water the most. Then, seven G1 dendrimer monomers at 0.64 mM, were 
exposed to 12 % v/v NMP/water to see if the other six G1 monomers also dissolve at the 
concentration where pG1-NH2 does.  
 
It was identified that the molecular modification in the dendrimer monomer 
resulted in the change in its solubility. pG1-NH2, pG1-Br2, pG1-Cl2, and mG1-NH2 fully 
dissolved and remained homogeneous for approximately an hour at 0.64 mM in 
NMP/water solution. pG1-I2 also dissolved at the identical condition, but it crashed out 
after only 15 minutes. m3G1 and pG1-Me4 required the one-halved concentration of 
dendrimer, 0.32 mM, to be fully dissolved. As a result, 0.64 mM was used for pG1-NH2, 
pG1-Br2, pG1-Cl2, mG1-NH2, and pG1-I2, and 0.32 mM for m3G1 and pG1-Me4. 
Otherwise, an identical fabrication protocol was used for all seven G1 monomers with 
careful attention to homogeneity of dendrimer solution before it was pipetted onto PES 









PERFORMANCE CHARACTERIZATION OF G1 MEMBRANES 
SOLUTE TRANSPORT MODEL 
 Data obtained from permeation experiments with NaCl, MgSO4, and p-Nitrophenol 
were fit using the solution-diffusion model as appeared in equation 3.1(Urama & Mariñas, 
1997).  
   (3.1) 
Cp is the concentration of solutes in permeate, and Cf is that in bulk feed solution.  B (m/d) 
is the solute diffusive permeation coefficient, 𝛼 denotes fraction of advective permeate flux 
due to imperfection of membrane, Jv (m/d) is the solute flux, and k (m/d) is the mass 
transfer coefficient of the solute in the concentration polarization film in the feed water 
side adjacent to the membrane.  The mass transfer coefficient, k, and permeate flux were 
obtained experimentally. The solute rejection was calculated also using experimentally 
obtained Cp and Cf at each hydraulic pressure. The mass transfer coefficient for R-WT was 
found to be 1.0 m/d. A k value of 2.8 m/d for NaCl was derived from the relationship 
between solute mass transfer coefficient and diffusion coefficients (equation 3.2) (Urama 
& Mariñas, 1997).  
    (3.2) 
  
The results obtained from R-WT permeation experiments were fit using a steady-
state two-film model equation, because there are two films contributing to the permeation 
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of R-WT: PES support membrane and G1 active layer (see figure 3.1) (Valentino, 
Matsumoto, Dichtel, & Marinas, 2017). 
 
 
Figure 3.1 Schematic for the diffusion and advection of R-WT through G1 NF 
membrane  
 
PERMEATION EXPERIMENTS FOR ORGANIC SPECIES 
 Rhodamine-WT (R-WT) with a molecular weight of 487 g/mole was selected as an 
organic surrogate for the organic species present in the wastewater from the oil and gas 
industry. Two replicates of each seven G1 membranes were tested at six hydraulic 
pressures ranging from 0.02 to 0.46 MPa using a feed solution of 2.5 mg/L R-WT. The 
obtained rejections (%) at six different pressures for each G1 membranes are plotted in 
figure 3.2 (a and b) in terms of RWT rejection (%) (numeric values for permeate flux and 
rejection for all G1 membranes can be found in appendix A) against corresponding 







Figure 3.2 RWT rejection at different permeate flux by seven G1 membranes and 
pristine PES (a). Results from RWT experiments for G1 membranes in a smaller 
domain (b): S1 and S2 denotes 1st and 2nd sample duplicate.  
 
The data indicated that the pristine PES support membrane is capable of rejecting 
approximately 85% of R-WT, and the synthesis of the G1 active layer on PES leads to the 
enhanced performance in rejecting R-WT (see figure 3.2 (a)). G1 membranes showed 
comparable performances at 98±1% of R-WT rejection: pG1-NH2 showed the highest 
rejection at 99%, then pG1-Me4 and pG1-I2 the lowest at 97%.  
 
The performance of G1 membranes was compared to that of the commercial NF 
membrane NF-270, by running permeation experiments for R-WT under identical 
conditions. It showed that G1 membranes provided  1-2% higher rejection of R-WT 
compared to the NF-270 membrane and that the permeate flux of the dendrimeric 
membranes was one-fourth of that for the commercial membrane (see table 3.1).  
 




Table 3.1 Permeate flux at given hydraulic pressure and resulting RWT rejection by 
a commercial NF membrane, NF-270 
Pressure (bar) Flux (m/d) Rejection (%) 
0.3 0.098 96.7 
0.5 0.159 97.1 
0.7 0.234 95.1 
1 0.310 96.6 
2 0.643 95.9 
3 0.937 96.1 
4 1.223 95.6 
 
R-WT is considered as a heavier and larger molecule when it is compared to some 
of the dissolved organic species of concern present in actual produced water (PW) from the 
oil and gas industry. Among numerous organic contents in PW, some of the representative 
species are benzene, toluene, ethyl benzene, xylenes, and phenols, which have molecular 
weights of approximately one-fourth of that of R-WT on average (Røe Utvik, 1999).  
 
Therefore, p-Nitrophenol, another organic surrogate, that is more relative to the 
field condition yet analytically quantifiable has been selected to further test the viability of 
G1 membranes as a technique for the treatment of PW. Two out of seven G1 membranes, 
pG1-NH2 and m3G1, have been chosen in particular for the experiment because pG1-NH2 
exhibited the highest selectivity for R-WT while m3G1 indicated slightly lower selectivity 
but with the relatively high passage of salts at low flux. Figure 3.3 shows the performance 
of the two membranes using a feed solution of  p-Nitrophenol. Unfortunately, the rejection 
of p-Nitrophenol by the two membranes was only 30%, a much lower level compared to 
their rejection of R-WT. The results imply that G1 membranes are expected to filter little 




Figure 3.3 Results from permeation experiments for p-Nitrophenol with  
 pG1-NH2 and m3G1  
 
Table 3.2 G1 membrane solute transport parameters for organic surrogates 
  
 Solute diffusive permeation coefficient (B) and the fraction of advective permeate 
flux due to imperfection of membrane (𝛼) obtained for the two replicates of each of the 
Membrane Solute B (m/d) 𝜶 
PES R-WT 0.00991±0.0028 0.0614±0.012 
pG1-NH2 S1 R-WT 1E-18 0.0152±0.002 
pG1-NH2 S2 R-WT 0.00001±0.00005       0.0064±0.002 
pG1-Br2 S1 R-WT 0.00012±0.00003 0.0111±0.001 
pG1-Br2 S2 R-WT 0.00003±0.00001 0.0078±0.00004 
pG1-Cl2 S1 R-WT 0.00011±0.00002 0.0145±0.0006 
pG1-Cl2 S2 R-WT 0.00017±0.00005 0.0148±0.0008 
pG1-I2 S1 R-WT 0.00010±0.00004      0.014±0.0014 
pG1-I2 S2 R-WT 0.00023±0.00005 0.0188±0.001 
mG1-NH2 S1 R-WT 1E-18 0.0143±0.0015 
mG1-NH2 S2 R-WT 1E-18 0.0169±0.0029 
pG1-Me4 S1 R-WT 0.00026 ±0.00001 0.0115±0.0024 
pG1-Me4 S2 R-WT 0.00045±0.0001 0.0178±0.0015 
m3G1 S1 R-WT 0.00022 ±0.00001 0.0086± 0.0004 
m3G1 S2 R-WT 0.000032±0.00002 0.0116±0.0006 
    
pG1-NH2  p-Nitrophenol 0.00545±0.024 1±1.2 
m3G1  p-Nitrophenol 0.00574±0.022 1±1.1 
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seven G1 membranes for organic surrogates are listed in table 3.2. Lower B parameters 
were observed for membranes with higher R-WT rejection, which means that R-WT 
diffused slower through the films. Furthermore, a permeability-selectivity trade-off was 
found out for G1 membranes; membranes with high rejection have lower permeate flux. 
Erratic B parameters were observed in three G1 membranes (pG1-NH2 S1, mG1-NH2 S1, 
and S2), resulted from the excessive variability in the rejection data points. B parameters 
for p-Nitrophenol were found to be two orders of magnitude higher than those for R-WT, 
which are consistent with the rejections for p-Nitrophenol being only 30%. 
 
INORGANIC SALTS EXPERIMENTS 
Produced water from the oil and gas industry is highly saline. Monovalent ions 
(Na+, Cl-) and divalent ions (Ca2+, Mg2+, and SO42-) take up the majority of salinity in PW. 
G1 membranes underwent permeation experiments with 1) 400 mg/L NaCl (see figure 3.4) 
and 2) 824 mg/L MgSO4 (see figure 3.5) to characterize their performance.  
    
Figure 3.4 NaCl rejection at different permeate flux by pristine PES and  
seven G1 membranes 
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The performance of G1 membranes for permeation of NaCl shown in figure 3.4 
demonstrated that membranes with high rejection for R-WT reject NaCl at a higher degree 
as well. However, a wider distribution for NaCl rejection was discovered compared to 
what was found in results from R-WT experiments. In addition, it was verified that the 
PES support membrane did not contribute to the rejection of monovalent ions. NF-270 
underwent permeation experiments with an analogous condition in order to compare its 
performance with those of G1 membranes. NF-270 allowed passage of NaCl 10% higher 
simultaneously at a permeate flux that was four times higher than that of G1 membranes’ 
(see table 3.3). 
 
Table 3.3 Permeate flux at given hydraulic pressure and resulting NaCl rejection by a 
commercial NF membrane, NF-270 
Pressure (bar) Flux (m/d) Rejection (%) 
0.3 0.087 18.9 
0.5 0.152 18.5 
0.7 0.198 37.4 
1 0.303 37.5 
2 0.607 56.9 
3 0.928 65.7 
3.5 1.052 69.8 
4 1.214 72.0 
5 1.522 78.9 
 
After the completion of experiments with monovalent ions, the two selected G1 
membranes, pG1-NH2 and m3G1, were tested against MgSO4 (see figure 3.5). The levels 
of MgSO4 rejection by pG1-NH2 and m3G1 were only 50 % and 40 % respectively at an 
operating pressure of 0.045 MPa, which are lower than their rejections of monovalent ions. 
For membranes with comparable or higher selectivity for RWT than the commercial NF 
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membrane (NF-270), the obtained results for permeation experiments with divalent ions 
were unusually low. In the specification provided from the manufacturing company, 
DOW, NF-270 rejects 50% of NaCl and above 98% MgSO4 at 0.48 MPa. TFC-S, which is 
another commercial NF membrane manufactured by KOCH, was indicated to reject 85% 
of NaCl and above 99% of MgSO4 at a range of pressure from 0.52 to 0.86 MPa. Both NF-
270 and TFC-S membranes reject divalent ions at a much higher degree than their rejection 
for monovalent ions. This is attributed to the greater hydrated radius and charge of divalent 
ions. For G1 membranes with such high rejection of NaCl ions at 90% for pG1-NH2 and 
75% for m3G1, 40% and 50% rejections for MgSO4 are unusual and peculiar. It is not yet 
clarified what properties in G1 membranes result in such an interesting phenomenon. 
Investigation of charged functional groups present in active layers can be conducted to 
calculate the degree of crosslinking for each G1 membrane in order to further study what 
aided the diffusion of divalent ions across G1 membranes.  
 
Figure 3.5 Results from permeation experiments for MgSO4 with  





Table 3.4 G1 membrane solute transport parameters for inorganic species 
Membrane Solute B (m/d) 𝜶 
PES NaCl 23.6±5700 0.862±32 
pG1-NH2 S1 NaCl 0.0065±0.0005 0.0109±0.014 
pG1-NH2 S2 NaCl 0.00485±0.0002 0.0125±0.006 
pG1-Br2 S1 NaCl 0.0604±0.021  0±0.12 
pG1-Br2 S2 NaCl 0.0135±0.0038 0±0.062 
pG1-Cl2 S1 NaCl 0.0324±0.003         0.0148±0.026 
pG1-Cl2 S2 NaCl 0.0458±0.0037 0 ± 0.021 
pG1-I2 S1 NaCl 0.0402±0.0016 0.0505±0.010 
pG1-I2 S2 NaCl 0.0783±0.006    0.0361±0.023 
mG1-NH2 S1 NaCl 0.0115±0.0004 0.0369 ±0.006 
mG1-NH2 S2 NaCl 0.00944±0.0006 0.0342 ±0.012 
pG1-Me4 S1 NaCl 0.0647±0.0053 0± 0.02567 
pG1-Me4 S2 NaCl 0.0819±0.016              0.0933±0.057 
m3G1 S1 NaCl 0.0459±0.005    0.0451±0.035 
m3G1 S2 NaCl 0.0203±0.001     0.0188±0.012 
    
pG1-NH2  MgSO4 0.0800±0.011    0.388±0.032 
m3G1  MgSO4 0.0585±0.004    0.285±0.016 
 
B and α parameters for the two replicates of the seven G1 membranes tested with 
inorganic salts are listed in table 3.4. Lower B parameters were observed for membranes 
with higher selectivity for salts. The erratic B parameter for pristine PES resulted from its 
zero selectivity for NaCl. Despite the larger size and stronger charge, comparable and even 
higher B parameters were obtained for MgSO4, which explains for the high passage of 















PHYSICOCHEMICAL CHARACTERIZATION BY RBS 
THICKNESS OF G1 ACTIVE LAYERS 
Physicochemical properties of G1 membranes have been characterized by 
Rutherford Backscattering Spectroscopy (RBS), which allows identification of elemental 
composition and thickness/roughness of G1 active layers. Due to the nature of variability 
in the polymerization reaction, two replicates for each G1 membrane were analyzed via 
RBS. Using SIMNRA, a software for RBS analysis, fitting parameters and elemental 
compositions were adjusted to generate a precise fitting curve, which is used to calculate 
film thickness. Figure 3.6 below show two examples of RBS spectra obtained: the black 
line with hollow squares represents pristine PES support membrane, and the green line 
with filled diamond represents PES coated with the m3G1 active layer. 
 
 




The two spectra closely overlap throughout the given energy domain, because both 
are mostly composed of PES and 2 MeV helium beam from RBS is capable of probing 2 
um of membrane sample. It is the shoulder for a sulfur peak at energy from 1.2 to 1.3 MeV 
that signifies the presence of the m3G1 active layer, because the existence of the active 
layer brings the shoulder of the sulfur peak to a lower magnitude of energy (see figure 3.6). 
As a result, the gap is created between the two shoulders. The thicker the active layer is, 
the larger the gap is.  
        (3.3) 
 
Physical film thickness (𝛿𝑚  in nm) of the G1 active layer was calculated using 
equation 3.3 (Coronell et al., 2008). 𝐿𝐴  was Avogadro’s number (= 6.022 x 10
23 
atoms/mole), 𝜌𝑚  represented the density of G1 active layer (= 1.24 g/cm
3),  𝑀𝑖  was the 
atomic weight of element 𝑖, 𝑖 was the elemental fraction of element 𝑖’s concentration in the 
active layer, and 𝜃 represented the projected atomic density of the active layer (atoms/cm2). 
The film thickness of G1 active layers are listed in table 3.5 below. The rest of RBS spectra 
for other G1 membranes can be found in the appendix.  
 
Table 3.5 Film thickness for seven G1 active layers 
 
 pG1-NH2 pG1-Br2 pG1-Cl2 pG1-I2 mG1-NH2 pG1-Me4 m3G1 
Film thickness 
(nm) 
35 21 17 36 30 22 44 
 
The physical film thickness of G1 membranes is found to be thinner than that of 
commercial polyamide membranes: the thickness of TFCS’s and FT30’s active layers are 
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85 nm and 201 nm, respectively (Coronell et al., 2008). The thickness of an active layer is 
often positively correlated with the solution permeability. However, the permeate flux G1 
membranes is found to be similar to or slightly lower than that of commercial NF 
membranes (NF270 and TCF-S) despite of thinner active layer. This may be attributed to 
reacted dendrimer being embedded in PES, resulting in clogging the pores of PES.  
 
A significant correlation could not be found between the physical thickness of G1 
active layers and the performance of membranes against organic and inorganic solutes. 
This means that there are multiple other factors affecting performance. Further 
investigation on the degree of crosslinking, surface charges (i.e., presence of functional 
groups), and contact angle would enhance the understanding of the correlation between 
physicochemical properties of G1 membranes with their original productivity with organic 
and inorganic contaminants. Furthermore, that will lead to a deeper knowledge of how 
molecular modification made in monomers influence on the performance. As a result, the 
fabrication of G1 monomers and membranes can be adjusted to develop novel dendrimer-
based membranes with desired selectivity and permeability that is suited to a specific water 
condition. 
 
DISCOVERY OF EMBEDDED DENDRIMER IN PES 
RBS analysis was utilized in uncovering the embedded G1 polymer in the pore 
structure of PES. RBS provides depth information as the helium ions lose energy while 
they travel into and out of the sample. In other words, an ion that is backscattered from a 
greater depth undergoes greater energy loss while an ion scattered at a shallow surface 
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loses relatively little. Furthermore, the helium beam may probe up to 2 um deep in the 
sample membrane. 
Figure 3.7 is a demonstration of such a phenomenon. An asymmetric bromine peak 
is stretched with a long tail gradually diminishing with lower energy. This provides 
information that helium ions have not only scattered from bromine located in the active 
layer but also encountered additional bromine from greater depth. Because the thickness of 
the G1 bromo active layer is found to be only 21 nm (table 3.5), the sign of bromine at 
lower energy implies that there is dendrimer embedded in PES. 
 
 
Figure 3.7 RBS spectrum for pristine PES and pG1-Br2 with fits: Asymmetric 
bromine peak with long tail suggests embedded dendrimer in PES  
 
 The discovery of embedded dendrimer was significant as it led to the development 
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permeate flux. G1 membranes synthesized with a modified protocol were characterized 
with RBS to see any change made in the membrane by studying the bromine peak. Figure 




Figure 3.8 RBS spectrum for pristine PES and pG1-Br2 with fits; membrane 
fabricated with the most up-to-date protocol  
 
 Even the membrane synthesized with the modified fabrication protocol could not 
entirely avoid embedded dendrimer in PES. However, the symmetric shape of bromine 
peak and its lower and shorter tail suggest that there is less amount of dendrimer embedded 
in PES (see figure 3.8). Moreover, membranes with a more amount of embedded 
dendrimer showed lower selectivity for NaCl according to the permeation experiments 
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CHAPTER 4: CONCLUSIONS 
 
 This research focuses on the development of seven G1 dendrimer-based 
membranes, each fabricated with a distinct chemically-modified building block. The study 
includes the performance characterization of the novel membranes with organic and 
inorganic solutes followed by their physicochemical characterization. 
The objectives of this research were to investigate the viability of G1 dendrimer-
based membranes as a pre-treatment technique for reverse osmosis by rejecting dissolved 
organic matter while allowing passage of inorganic salts to be energy-efficient. This was 
achieved by developing a reliable synthesis protocol that enables a fabrication of 
reproducible G1 dendrimer-based membranes, understanding the performance of each 
membrane against target organic and inorganic species, and characterizing the 
physicochemical properties of G1 membranes via RBS.  
Results from performance characterization showed that G1 membranes have a 
higher selectivity for R-WT (98±1%) and NaCl than NF-270, but unexpectedly lower 
selectivity for MgSO4. Permeation experiments conducted with a field-relevant organic 
molecule, p-Nitrophenol, indicated that G1 membranes are not capable of rejecting the 
desired level of dissolved organic matter with relatively low molecular weight. The 
physical thickness of G1 active layers were obtained via RBS analysis; however, it did not 
provide significant evidence that could explain for low rejection of divalent ions and p-
nitrophenol. Further investigation on a surface charge, degree of crosslinking, and 
hydrophilicity may provide information on the general performance of G1 membranes and 
also how chemical modification made in each building block contribute to the performance 




Operating filtration unit at low pressure can be a solution to undesired selectivity 
for NaCl. At a flux of 0.025 m/d, all seven dendrimeric membranes maintained high 
selectivity for the organic surrogate, R-WT, while they showed low rejection for NaCl as 
low as 30%. 
In conclusion, a robust fabrication protocol for G1 dendrimeric membranes was 
developed; characterization of their permeating performance with organic and inorganic 
species showed that G1 membranes may not effectively filter out dissolved organic matter 
present in the field produced water; thickness of active layers is precisely obtained, but it 
alone could not provide enough explanation for the performance of G1 membranes. With a 
more profound understanding of the performance correlated with chemistry, dendrimer-
based membranes shall have potential in the future to be further developed to meet the 
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Flux (m/d) Rejection (%) Flux (m/d) Rejection (%) 
0.10637 83.61 0.14183 0 
0.19502 88.82 0.19502 0 
0.23048 89.13 0.23048 0.1287 
0.28366 87.78 0.29594 0.5102 
0.31912 86.79 0.31912 0.12804 

























Table A2. Permeation data of pG1-NH2 for experiments with R-WT, NaCl,  
p-Nitrophenol, and MgSO4 
 
pG1-NH2 


















S1 0.012 98.18 0.007 49.3 0.022 15.6 0.013 9.5 
 0.024 98.57 0.014 70.3 0.052 17.2 0.024 14.6 
 0.041 98.56 0.032 80.6 0.098 20.5 0.047 22.9 
 0.088 98.32 0.067 91.1 0.146 27.3 0.093 30.8 
 0.129 97.55 0.109 93.3 0.213 31.4 0.125 35 
 0.204 96.73 0.179 94.2 
  0.188 40.5 
 0.122 98.42 
    0.23 42.6 
 0.193 98.48 
      
 
        
S2 0.011 98.64 0.007 58.4     
 0.02 99.02 0.015 73.5 
    
 0.041 99.15 0.03 85.5     
 0.084 98.72 0.064 93.3 
    
 0.129 98.13 0.112 94.9 
    
 0.199 97.73 0.167 94.6 
    
 0.115 98.99 0.182 95.2 
    
 0.18 98.87 





















Table A3. Permeation data of pG1-Br2 for experiments with R-WT and NaCl 
 
pG1-Br2 










S1 0.0134 97.87 0.0136 20 
 0.0252 98.49 0.0267 30.7 
 0.0443 98.72 0.0385 45.3 
 0.114 98.81 0.0913 61 
 0.136 98.58 0.145 71.6 
 0.217 98.36 0.206 76.5 
   0.231 85.2 
     
S2 0.00843 98.92 0.0083 46.9 
 0.0199 98.95 0.0178 62 
 0.0341 99.16 0.0282 75.1 
 0.0690 99.21 0.0629 85.3 
 0.104 99.14 0.103 89.8 
 0.164 99 0.146 91.1 




Table A4. Permeation data of pG1-I2 for experiments with R-WT and NaCl 
 
pG1-I2 










S1 0.0136 97.78 0.01264 22.79 
 0.0248 98.36 0.03002 39.44 
 0.0500 98.26 0.04976 52.23 
 0.0964 98.53 0.10208 68.57 
 0.149 97.9 0.15894 74.63 
 0.210 98.44 0.23819 80.58 
 0.223 97.62 0.23355 78.40 
     
S2 0.0162 96.62 0.02318 19.34 
 0.0364 97.64 0.04643 34.77 
 0.0626 97.93 0.07755 49.13 
 0.130 97.87 0.14573 62.70 
 0.189 97.46 0.21536 69.65 
 0.294 97.2 0.33788 75.9 
   0.3192 73.96 




Table A5. Permeation data of pG1-Cl2 for experiments with R-WT and NaCl 
 
pG1-Cl2  










S1 0.0126 97.6 0.0288 44.6 
 0.0300 98.3 0.0490 61.9 
 0.0498 98.1 0.0947 74.6 
 0.102 98.5 0.145 81.3 
 0.159 98.3 0.217 85 
 0.238 98.0 0.277 83.8 
 0.234 98.1   
     
S2 0.0232 97.6 0.0207 29.6 
 0.0464 98.3 0.0400 46 
 0.0776 98.5 0.0649 57.6 
 0.146 98.3 0.123 72.7 
 0.215 98.0 0.182 82.7 
 0.338 97.8 0.289 86.4 




Table A6. Permeation data of mG1-NH2 for experiments with R-WT and NaCl 
 
mG1-NH2 










S1 0.0111 98.67 0.0079 39.8 
 0.0203 98.57 0.0157 55.8 
 0.0437 98.35 0.0347 70.2 
 0.0799 98.71 0.0729 83.1 
 0.123 97.77 0.118 87.8 
 0.203 98.6 0.187 90 
 0.193 96.58 0.196 90.7 
     
S2 0.0109 98.95 0.0077 44.3 
 0.0193 98.52 0.0147 55.7 
 0.0352 98.19 0.0278 74.3 
 0.0755 98.68 0.0693 84.9 
 0.114 98.28 0.108 89 
 0.183 98.28 0.169 90.1 




Table A7. Permeation data of pG1-Me4 for experiments with R-WT and NaCl 
 
pG1-Me4 










S1 0.0199 96.85 0.017 18.2 
 0.0198 98.29 0.029 30.8 
 0.0332 98.03 0.059 46.3 
 0.0665 98.35 0.122 66.9 
 0.116 98.52 0.17 73.1 
 0.175 98.58 0.263 77.8 
 0.273 98.33 0.288 80.2 
     
S2 0.0220 96.37 0.02 13.1 
 0.0444 97.39 0.037 25.4 
 0.076 97.81 0.071 43.9 
 0.156 97.71 0.139 59.7 
 0.230 97.42 0.214 65.5 
 0.346 98.26 0.328 71.9 




Table A8. Permeation data of m3G1 for experiments with R-WT, NaCl,  
p-Nitrophenol, and MgSO4 
 
m3G1 


















S1 0.052 98.59 0.013 17.1 0.0274 20 0.019 18.2 
 0.0292 98.33 0.023 32.9 0.062 22.6 0.037 27 
 0.0126 97.44 0.041 46.5 0.117 22.4 0.063 36.3 
 0.223 98.69 0.085 63.2 0.171 24.4 0.135 47.7 
 0.144 98.92 0.132 72.7 0.255 32.6 0.194 54.8 
 0.151 98.79 0.205 76.3   0.298 58.5 
 0.1 98.87 0.237 77.3   0.329 56.1 
 0.232 98.97       
         
S2 0.0357 98.87 0.008 26.8     
 0.0195 98.76 0.019 48.1     
 0.00915 98.42 0.034 61.5     
 0.161 98.65 0.066 75     
 0.104 98.77 0.099 79.3     
 0.112 98.42 0.145 83.9     
 0.0737 98.56 0.172 85.6     




















Figure B1. RBS spectrum for pG1-NH2; the smaller plot indicates the shoulders of 
sulfur, where one with active layer diminishes at lower energy resulting a gap (i.e., 




































Figure B2. RBS spectrum for pG1-Cl2; the smaller plot indicates the peak for 











































Figure B3. RBS spectrum for pG1-I2; the smaller plot indicates the peak for iodine, 



































Figure B4. RBS spectrum for mG1-NH2; the smaller plot indicates the shoulders of 
sulfur, where one with active layer diminishes at lower energy resulting a gap (i.e., 








































Figure B5. RBS spectrum for pG1-Me4; the smaller plot indicates the shoulders of 
sulfur, where one with active layer diminishes at lower energy resulting a gap (i.e., 
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Figure C1. Results from permeation experiments with 400 ppm NaCl by 1) two 
replicates of pG1-Br2 membrane and 2) one pG1-Br2 membrane with embedded 










Figure C2. Results from permeation experiments with 400 ppm NaCl by 1) two 
replicates of pG1-Cl2 membrane and 2) one pG1-Cl2 membrane with embedded 










Figure C3. Results from permeation experiments with 400 ppm NaCl by 1) two 
replicates of pG1-I2 membrane and 2) one pG1-I2 membrane with embedded 
dendrimer in PES support.  
 
 
